Abstract The present work addresses the formation of water-in-diesel (W/D) nanoemulsion by blending different percentages of water along with nano-Al additive in various propositions to enhance the combustion characteristics. The roles of various surfactants such as Sorbitan monooleate (Span 80), Triton X-100, Tetradecyltrimethylammonium bromide, and newly synthesized and characterized dicationic surfactants were discussed based upon their ability to stabilize the nanoemulsions. Surface active properties of the surfactants were determined by measuring their interfacial tension and subsequently by measuring the critical micelle concentration of the surfactants. Triton X-100 was found to be the most efficient surfactant for the current water-indiesel nanoemulsion as it stabilized the suspensions for more than 8 h. Particle size analysis proved emulsion size to be in the order of nanometer, and zeta potential values were found to have neutral behavior at water-diesel interface. Experimental studies confirmed that that blends W/D [1 % (vol.) water] and W/DA [1 % (vol.) water, 0.1 % (wt.) nano-Al] were thermodynamically stable.
Introduction
Micro and/or nanoemulsions widely used in the combustion process of fuels in order to improve the engine efficiency are optically isotropic and thermodynamically stable mixtures of oil, water, and surfactant (Danielsson and Lindman 1981) . They offer the extended advantages for use in various fields of study, including enhanced oil recovery, surfactant-enhanced aquifer remediation (SEAR), alternative fuel, detergency, pharmaceutical, and cosmetic preparations plus many other applications (Harwell et al. 1991; Lif et al. 2010; Heuschkel et al. 2008) .
Water as one of the constituents of the water-diesel emulsions, in the form of micrometer/nanometer-sized droplets exerts positive effects on the combustion of fuels. Due to their lower boiling point than diesel, water droplets present in the form of small emulsions encapsulated in diesel fuel vaporizes first under superheated conditions of engine. Such vaporization causes explosion of diesel droplets and improves atomization of fuel, evaporation rate, and eventually enhances fuel-air mixing process. Such microexplosions improve combustion process and engine efficiency and also suppress soot formation (Anna and Krister 2006; Kadota and Yamasaki 2002) . Microemulsions are transparent and thermodynamically stable; however, nanoemulsions are kinetically stable (Hoar and Schulman 1943; Ruckenstein and Chi 1960; Overbeek 1978) due to small droplet size and constant Brownian motion which decelerates sedimentation or creaming. This eventually improves the stability of emulsion fuel.
Emulsions are classified as water-in-oil (W/O) or oil-inwater (O/W) depending on which phase constitutes the disperse phase (Shinoda and Saito 1968) . Water-in-oil nanoemulsions have been in limelight since it was first reported by Landfester et al. (2000) . Formulation methods of microemulsions or nanoemulsions also govern droplet size distributions, thereby influencing the emulsion stability. Formation of emulsions in nanometer range (50-200 nm) can be achieved by different methods such as ultrasonication (physical stabilization) and chemical emulsification (chemical stabilization) together known as high-energy emulsification methods (Kentish et al. 2008) , where high-shear stirring, high-pressure homogenizers, or ultrasonicators are used. Another low-energy emulsification method is phase inversion temperature (PIT), which is a more cost-effective option as it utilizes energy stored in the system to promote the formation of small droplets (Courrier et al. 2004; Friberg 2011) . Using water-diesel emulsion fuel in a diesel engine leads to prolongation of ignition delay causing high pre-mixed combustion rate, heat release rate, and peak pressure and rough engine operation (Harbach and Agosta 1991) ; nonetheless, emulsion fuels can consistently curtail emissions of hydrocarbon (HC), carbon monoxide (CO), carbon dioxide (CO 2 ), and especially the hazardous NOx (Nitrous Oxides), and also particulate matters (PM) (Lin and Wang 2004; Chen and Tao 2005) .
Recent studies have shown that blending of nanoenergetic particles such as nanoaluminum (n-Al) in diesel enhances mass transfer properties, ignition temperature, and shorten ignition delay (Tyagi and Phelan 2008) . Kao et al. (2008) conducted an experiment in a single cylinder diesel engine with blends of diesel-nanoaluminum particles and varying water percentage (3-6 %). They found noteworthy reduction in brake specific fuel consumption and reduced emissions of smoke and NOx. These results justified that during combustion in compression ignition (CI) engine, nanoaluminum reacted with water liberating hydrogen which burnt as clean fuel along with diesel, thereby improving brake power and lesser emissions (Kao et al. 2008; Yang et al. 2013; Sadhik and Anand 2011) .
The objectives of the current work were to formulate water-in-diesel nanoemulsion fuel with different percentages of water and aluminum nanoparticles, and to study the effect of type and concentrations of surfactants on the stability of nanoemulsions by determining critical micelle concentration (CMC) along with surface active properties and thermodynamic properties of different emulsifiers such as surface excess concentration (C max ), minimum surface area per molecule (A min ), effectiveness (P), standard free energy (DG mic ), and thermodynamic parameter value of adsorption (DG ads ). In order to check the size of nanoemulsions formed, particle size analyzers (Zetasizer), working on the principle of dynamic light scattering and zeta potential, are used. Backscattering profiles are studied to check the stability of nanoemulsion fuel.
Experimental

Materials
Surfactants, such as Sorbitan monooleate (Span 80), Triton X-100 Tetradecyltrimethylammonium bromide (TTAB) were purchased from Sigma-Aldrich of high-purity grade (99 %) and used as received without further purification. 1,6-Dibromohexane (98 %) was purchased from Spectrochem and with the stated label of purity. N,N-Dimethyl tetradecylamine and N,N-Dimethyl dodecylamine were purchased from Sigma-Aldrich Ltd. and used as received. Ethyl acetate (Finar 99 %), n-hexane (Finar 95 %), acetone (Merck C99 %), double distilled, deionized water was used from the chemical lab. Diesel and NanoAluminum (n-Al, 5-150 nm) were from local market (99.9 %) and Nanoshel LLC, USA), respectively. Cationic Gemini surfactants or dicationic surfactants used in the current investigation were synthesized and characterized as per the method stated in the current paper.
Synthesis of cationic gemini surfactants
The gemini surfactants used in the current study, hexamethylene-1,6-bis(dodecyldimethylammonium bromide) (12-6-12, 2Br -) and hexamethylene-1,6-bis(tetradecyldimethylammonium bromide) (14-6-14, 2Br -), were synthesized by the reaction of 1,6-dibromohexane with N,N-dimethyldodecylamine and N,N-dimethyltetradecylamine in dry ethanol, respectively. A 1:2.1 reaction mixture (slight excess of 1,6-dibromohexane ensured complete bisquaterization) was refluxed (at 80°C) for 48 h. After completion (progress of the reaction was monitored by TLC), solvent was removed under vacuum from reaction mixture and the solid thus obtained was recrystallized five times from hexane and ethyl acetate mixture to obtain the compound in pure form. 14-6-14, 2Br 
, 29 -N-CH 2 from spacer and 29 -N-CH 2 from alkyl chain, 3.86 (s, 8H, 29 -N-CH 2 -CH 2 -CH 2 -from spacer).
Selection of surfactant
Emulsion droplets are normally stabilized by surfactants or amphiphilic polymers. The adsorbed surfactant causes lowering in interfacial tension between water molecules and diesel which further promotes easier emulsification and stabilizes the droplet against coalescence by steric or electrostatic repulsion. Amount of emulsifier added to stabilize the blends also plays an important role in keeping the suspensions in single phase. But higher than required concentration (Critical Micelle concentration), may lead to crowding effect of micelles which eventually increase the viscosity. Table 1 shows the properties of surfactants added in the diesel-water emulsions in order to effectively reduce their interfacial tension and improve stability.
Formulation of nanoemulsion fuels
In order to keep the water droplets and nanoparticles in uniform suspension, both physical and chemical stabilization were provided. Nanoemulsions were prepared at 6,500 rpm using Ultraturax Ò IKA WERKE, GmBH & Co. KG and then subjected to ultrasonic vibration (Sonics Vibra cell-USA, 750 watt, 20 kHz frequency). The duration of physical mixing was gradually increased in the intervals of 5 upto 30 min along with a constant check for dispersion characteristics of the suspension. Nanoemulsion fuels, water-indiesel (W/D), and water-in-diesel-n-Al (W/DA) were prepared by addition of water (0.5, 1, 2.5, and 5 %) by vol. and n-Al (0.1, 0.5 and 1.0 %) by wt. in a mixture of diesel, surfactants with a constant check for emulsion droplet size.
Measurement of interfacial tensions and CMC
By varying molar concentrations of the surfactants used in the current study, interfacial tension was measured at 25°C using Kruss-T9 Tensiometer (Germany) within waterdiesel emulsion system. The instrument was daily regulated by bi-distilled water (conductivity 1.1 9 10 -6 ohm
Critical micelle concentrations were also determined with the help of interfacial tension-concentration isotherm curves (IFVC).
Surface excess concentration (C max )
C max is a measure of the effective adsorption of surfactant at the liquid/air or liquid/liquid interface as it is the maximum value to which adsorption can be obtained (Rosen 1978) . It can be calculated from Gibbs equation:
where C max is surface excess concentration (mol cm -2 ), T is absolute temperature (273°C), R is the universal gas constant (R = 8.314 J mol -1 deg -1 ), and dc/dln C is the surface activity.
Minimum surface area per molecule (A min )
This property determines minimum average area occupied by each adsorbed molecule at the water-diesel interface. It is determined by equation (Al-Sabah 2000) ,
where C max is the surface excess in mol m -2 and N is Avogadro's number (6.023 9 10 23 molecules mol -1 ).
Effectiveness p CMC
The effectiveness of adsorption or surface pressure p CMC of the surfactants was also calculated from equation (Rosen 1978) :
where c 0 is the surface tension measured for pure water at 25°C and c CMC is the surface tension at CMC.
Thermodynamics of micellization
Surfactant's critical micelle concentration (CMC) plays a factor in Gibb's free energy of micellization. The exact concentration of the surfactants that yield the aggregates being thermodynamically soluble is the CMC. Gibbs free energy of micellization can be approximated by Eq. 4 (AlSabagh et al. 2011):
where DG micelle is the molar Gibbs energy of micellization, R is the universal gas constant, T is the absolute temperature, and CMC is the critical micelle concentration. The thermodynamic parameter of adsorption is calculated using the following equation: (Rosen 1978 )
Emulsion drop size measurement and zeta potential
The dynamic light scattering (DLS) experiments were performed using Zetasizer Nano-ZS 90 (Malvern Instruments, UK) equipped with He-Ne laser operating at a wavelength of 633 nm at 90°scattering angle. Each measurement for a particular micellar system was repeated at least three times. The hydrodynamic diameter (D h ) was obtained by following the method of cumulants and using Stokes-Einstein equation (Mata 2006) . The same equipment was used to determine zeta potential of nanoemulsion fuels.
Stability check
To ascertain the stability of suspended nanoparticles in emulsion blends which followed the Ostwald ripening phenomenon, transmission and backscattering profiles were checked by scanning the sample using light rays of 880 nm wavelengths in Turbiscan classic MA 2000 (Formulaction, France).
Results and discussion
Critical micelle concentration (CMC)
CMC of Span (80), Triton X-100, TTAB, Gemini surfactants (12-6-12, 2Br -and 14-6-14, 2Br -) were determined using interfacial tension-concentration isotherm curves (IFVC) as shown in Fig. 2 . As shown in Fig. 2a -e, surface tension decreased continuously and then became constant along a wide concentration range. The point of break, when the constancy of surface tension begins, was taken as the CMC of the system.
As shown in Fig. 2 and depicted in Table 2 , the CMC and surface tension of the cationic Gemini surfactants 12-6-12 and 14-6-14 were much lower than that of the monocationic surfactants (TTAB) and non-ionic surfactants (Span 80 and TX-100). A min determined for all the surfactants used in the current study clearly showed (Table 2) that non-ionic surfactants were more applicable for the current water-diesel emulsion system as it provided more effective surface area (Span 80, 9.27 nm 2 /molecule and TX-100 9.9 nm 2 /molecule). Reason for such complex phenomenon is the higher availability of surfactant molecules at the interface, thus non-ionic surfactants (neutral zeta potential) were more effective than cationic surfactants (conventional as well as dicationic ones). Studies on emulsion stability illustrated that the phenomenon that affects stable emulsion formation were globule rupture and osmotic swell which can be managed using appropriate non-ionic surfactants such as Span 80 and TX-100 (Barad et al. 2010) . As per the reported literature, mixture of two non-ionic surfactants, Span 80 (hydrophobic) and Tween 80 (hydrophilic), has also been used as emulsifiers to produce stable water-indiesel emulsion fuels (Basha and Anand 2011) .
Although the CMC value of the Gemini surfactants was less than that of the single chain surfactants, it was Fig. 2 Interfacial tensionconcentration isotherm curves of surfactants a Span 80, b Triton X-100, c TTAB, d 12-6-12, and e 14-6-14 Appl Nanosci (2015) 5:891-900 895 observed that beyond the CMC of these surfactants, i.e., at (0.654 and 0.12 mM), it formed a bilayer ( Fig. 3) at the interface which implied poor emulsion properties of W/D. This may be due to the increased hydrophobicity of the medium due to the longer side chain as well as the longer spacer unit of the Gemini surfactants. TTAB and non-ionic surfactants, such as Span 80 and Triton X-100, did not form bilayer and were used to achieve the better emulsifier capacity. However, emulsion with TTAB resulted in a milky white solution after couple of hours, so it was not used for the further experiment. Both Span 80 and Triton X-100 formed stable nanoemulsion; however, due to higher effectiveness adsorption (p CMC ) factor of TX-100 (Table 2) , it was chosen for stabilizing nanoemulsion fuels.
Interfacial tension and surface active properties Nanoemulsion formation demands breaking up of larger water droplets into smaller one which requires overcoming of strong Laplace pressure, P = 2c/R, where R is the average radius of curvature of spherical emulsion drop (AlSabagh et al. 2011) . Emulsification includes droplet breakup, adsorption of surfactants, droplet collision which after a time span results into coalescence of droplets (Porrasa et al. 2004) . Different thermodynamic properties related to interfacial tension and CMC values have been tabulated in Table 2 .
Emulsion size analysis
In order to ascertain whether diesel-water emulsions prepared were nanoemulsions or microemulsions, all samples were tested in Zetasizer. Figure 4 depicts emulsion size analysis of emulsion fuels with 0.5, 1, 2.5, and 5 % waterin-diesel. It could be incurred from the curves that with the increase in percentage of water, the size of droplets increased. It was also observed that with passage of time, emulsions swelled in size which might be attributed to coalescence and Ostwald ripening phenomenon. If coalescence was the driving force for emulsion instability, changes in droplet size with time are described by the following equation (Wu 2001) .
where r is the average droplet radius at time t, r o is the initial droplet radius, and x is the frequency of rupture per droplet surface area. Emulsions with 0.5 % water content showed minimum size as compared to those with 1, 2.5, and 5 % (Fig. 4) . Nonetheless, 1 % water formed emulsions with droplets size in the range of 50-170 nm which justified the definition of nanoemulsions as class of emulsions with droplet size ranging from 50 to 200 nm (Izquierdo et al. 2005) ; hence, it was selected for further experiment.
Particle size analysis and zeta potential Different concentrations (0.1, 0.5, and 1 %) of n-Al particles were suspended in diesel using surfactant (Triton X-100), and statistical data of particle size analysis were determined. Figure 5 represents the percentage distribution of particles as per size. It could be incurred from the plot that with the increase in concentration of n-Al in diesel, agglomerations of particles accelerate, thereby increasing size of particles and eventually resulting in settling of Fig. 3 Interface a with nonionic surfactant Triton X-100 and b bilayer formation with cationic surfactant particles. With increase in concentration, the collision frequency of the stabilized nanoparticles increased and protection obtained by adsorption of surfactant molecules on the particles surface was weakened due to lower surfactant concentration compared to n-Al concentration. Thus, the tiny particles agglomerated to form larger nanoparticles and settled down. However, the blend doped with 0.1 % n-Al showed size range within 5 nm indicating stable blend. Zeta potential, which is a measure of electrostatic potential at the electrical double layer surrounding a nanoparticle in solution, is generally determined to ascertain the electrical stability of nanoparticles in liquid suspensions. Nanoparticles with a zeta potential between -10 and ?10 mV are considered approximately neutral (Clogston 2011). It could be estimated from Fig. 6 that 0.1 % n-Al doped blend showed zeta potential peak at 2.55 mV with a narrow potential distribution. However, 0.5 and 1.0 % n-Al doped blends showed peak at the same position with a wide range of electrostatic potential (Fig. 6) . Such a widely varying zeta potential with non-uniform distribution of charges indicated the poor stability of nanoemulsions with respect to the long-term storage. These results depicted that no significant electrical double layer formed in case of 0.1 % n-Al-diesel emulsion fuel. On the basis of particle size analysis and zeta potential study, two nanoemulsion fuels were selected, i.e., water-(1 %)-in diesel (W/D) and water (1 %) and n-Al (0.1 %) in diesel (W/DA) for further study.
Backscattering profiles
Another alternative mechanism that explains the instability of nanoemulsions is Ostwald ripening which arises due to the difference in solubilities between droplets with different sizes. A stable nanoemulsion should have a small mean droplet size and a large Ostwald ripening coefficient. So in order to check the duration for which selected blends could remain stable without creaming or settling and to check the effect of Ostwald ripening on extent of stability in terms of time, selected nanoemulsion fuels (W/D, W/DA) were studied for backscattering using Turbiscan. As depicted in Fig. 7 , backscattering curves coincide for nanoemulsion fuel W/D just after preparation; however, with passage of time, % backscattering (BS) increased along with the formation of larger size of emulsions. This effect might be attributed to Ostwald ripening phenomena whereby smaller water droplets diffuse toward larger ones. W/D remained stable for more than 12 h after which they settled completely. W/DA showed stability for 8 h after which particles coagulated and resulted into complete separation within 10 h.
Based on a thermodynamic parameter and stability study, W/D and W/DA nanoemulsion fuels could be considered for further studies such as engine performance and emission studies.
Conclusions
The current study exhibits the suitability of emulsifiers to stabilize water-diesel (W/D) and water-diesel-n-Al (W/ DA) nanoemulsion fuels. Cationic Gemini surfactants (12-6-12) and (14-6-14) were synthesized, characterized, and checked for their roles in stabilizing nanoemulsion fuels. Single-chain conventional monocationic surfactant-TTAB-and non-ionic surfactants-Span 80 and Triton X-100-were also employed in order to check the better emulsifying capacity. Interfacial tension-concentration isotherm curves (IFVC) were used to determine Critical micelle concentrations (CMC) of different emulsifiers. Most favorable surfactants were found by calculating thermodynamic properties such as surface excess concentration (C max ), minimum surface area per molecule (A min ), effectiveness (P), standard free energy (DG mic ), and thermodynamic parameter value of adsorption (DG ads ). Particle size analysis and zeta potential study approved better stability of W/D and W/DA. Hence, these selected nanoemulsion fuels could be tested for fuel properties and engine performance in order to ascertain their applications as a future sustainable fuel alternative.
